Prickly lettuce (Lactuca serriola L., Asteraceae), a wild relative of cultivated lettuce, is an autogamous species which greatly expanded throughout Western and Northern Europe during the last 2 centuries. Here, we present a large-scale biogeographic genetic analysis performed on a dataset represented by 2622 individuals from 110 wild European populations. Thirty-two maternally inherited chloroplast RFLP-markers and 10 nuclear microsatellite loci were used. Microsatellites revealed low genetic variation and high inbreeding coefficients within populations, as well as strong genetic differentiation between populations, which was in accordance with the autogamous breeding system. Analysis of molecular variance based clustering indicated the presence of 3 population clusters, which showed strong geographical patterns. One cluster occupied United Kingdom and part of Northern Europe, and characterized populations with a single predominant genotype. The second mostly combined populations from Northern Europe, while the third cluster grouped populations particularly from Southern Europe. Kriging of gene diversity for L. serriola corroborated northwards and westwards spread from Central (Eastern) Europe. Significant lower genetic diversity characterized the newly colonized parts of the range compared to the historical ones, confirming the importance of founder effects. Stronger pattern of isolation by distance was assessed in the newly colonized areas than in the historical areas (Mantel's r = 0.20). In the newly colonized areas, populations at short geographic distances were genetically more similar than those in the historical areas. Our results corroborate the species' recent and rapid northward and westward colonization from Eastern Europe, as well as a decrease of genetic diversity in recently established populations.
specifically looked at the impact of the recent range expansion. Kuang et al. (2008) investigated the variation of 41 populations of L. serriola using AFLP markers focusing mainly on Eastern Mediterranean populations, which are part of its historical distribution area. Interestingly, they found genetically highly variable populations in Eastern Turkey and Armenia that may correspond to the center of diversity of the species. Lebeda et al. (2009) assessed genetic variation across Europe using AFLP on single plants from 50 sampling sites. They found that accessions originating from various ecogeographical conditions in Europe differed significantly in their genetic and protein polymorphism as well as in morphology, forming 5 distinct geographical groups. Van de Wiel et al. (2010) studied the genetic variation of 50 populations from the UK, the Netherlands, Germany, and the Czech Republic and found globally a low observed heterozygosity and high population differentiation, while the intrapopulation variation ranged from complete homogeneity to nearly complete heterogeneity. The highest genetic diversity was found in central Europe. Alexander (2013) investigated native European and non-native populations of different continents and observed that non-native ranges originated from European populations. Though these studies have investigated different aspects of the genetic variation of L. serriola, a detailed molecular analysis over Europe to investigate the genetic traces of the recent range expansion is still lacking.
Here, we present the results of the first large-scale biogeographic genetic analysis of L. serriola based on the sampling of more than 100 natural populations from 17 countries across Europe. We studied the molecular genetic variation at 10 nuclear microsatellites as well as chloroplast DNA polymorphism in order to address the following questions:
• Is the recent expansion of the species reflected in the genetic population structure? • Are recently colonized areas genetically less diverse? Is there evidence of multiple founder events in populations? • Is there a pattern of isolation by distance, and is this pattern different in the recently colonized areas? • What is the impact of the autogamous breeding system on genetic structure?
Materials and Methods

Studied Species
The genus Lactuca (Asteraceae) includes approximately 100 species and is distributed in temperate and warm regions of the Northern hemisphere, as well as Northern Africa and North and SouthAmerica (Zohary 1991; Frietema de Vries 1992) . Despite this wide distribution, the majority of the species can be found in Central Asia and the Mediterranean Basin, which are considered the main centers of diversity (Stebbins 1953; Vuilleum 1973; Feràkovà 1977; Mejias 1993) . The most widely distributed species of the genus is prickly lettuce or compass lettuce (L. serriola L.), a winter or summer annual species that prefers a warm-temperate climate and shows a distribution area that covers most of Western Eurasia (Lebeda et al. 2004) .
It is a common annual ruderal species and each individual produces a large number of fruits transported by wind. It is considered to be drought tolerant (Werk 1986 ) and grows mainly in anthropogenic habitats with a sunny exposure such as roadsides, railways, dumps, and urban areas. Prickly lettuce also occurs as a weed in orchards, vineyards, and pastures (Weaver and Downs 2003; Lebeda et al. 2004 ; Lebeda et al. 2007 ).
Plant Material
Seeds were sampled from 110 populations from 17 countries along several North-South and East-West transects in Europe (Table 1) . Seeds were sampled separately from 30 to 35 plants per population. A single seed per sampled plant was germinated and total DNA was extracted from fresh young leaves following the QIAGEN® extraction kit protocol. The populations from the United Kingdom were sampled in the context of a related project (Lebeda et al. 2007) , and the microsatellite data generated within the latter project were added to the dataset of the present study. Between 9 and 35 of the seedlings (with a mean of 23.8) were analyzed per populations. Based on the results of D' Andrea et al. (2009) , the samples were divided into 2 groups (Figure 1 ; separated by a dotted line): 1) those from newly colonized areas where L. serriola has recently experienced an extensive expansion (26 populations), and 2) those from its historical distribution range (84 populations). The newly colonized areas included Scandinavia, Northern Germany, the Netherlands, and the United Kingdom. These areas either have been colonized recently, namely from 1800 onwards, or are areas where the species was historically present at very low densities but has recently expanded substantially (Hooftman et al. 2006; D'Andrea et al. 2009 ). These groups were chosen with a conservative approach because L. serriola also increased its density even in the historical range. Though we realize that this classification into 2 groups represents a severe simplification of the gradual, but rapid, nature of the range expansion, it provides us with a unique approach to test the effects of this range expansion on genetic diversity and population structure.
Microsatellite Analysis
Ten polymorphic microsatellite loci (LsD106, LsE003, LsB101, LsB104, LsA001, LsA004, LsD109, LsD108, LsE011, LsE018) described in van de Wiel et al. (1999) were used to genotype the samples. The microsatellites analysis for loci LsD106, LsE003, LsB101, LsB104, LsA001, and LsA004 were performed at Plant Research International in Wageningen (the Netherlands). Polymerase chain reactions (PCR) for these loci were performed in 2 multiplex reactions, both using 12 μL of PCR mix and 8 μL of DNA template (to a final concentration of about 2 ng/reaction) in a total volume of 20 μL; end concentrations of primer pairs were optimized to 1.6 pMol/reaction of LsA001 (NED label), 1.2 pMol/reaction of LsA004 (FAM label), and 0.6 pMol/reaction of LsD106 (HEX label) for multiplex "A," and 1.6 pMol/reaction of LsB101 (NED label), 1.6 pMol/reaction of LsB104 (FAM label), 2 pMol/reaction of LsD103 (FAM label), and 4 pMol/reaction of LsE003 (HEX label) for multiplex "B," respectively, from stock solutions of 10 pMol/μL. Locus LsD103 was removed from the analysis as it gave too many null alleles. The PCR reaction was performed on a MJ PTC200 thermocycler, using a heated lid, as follows: 1 cycle at 94 °C for 3 min, followed by 30 cycles at 94 °C for 30 s, 50 °C for 30 s (ramp 1 °C/s to Ta), and 72 °C for 45 s (ramp 1 °C/s to Tp), ending with one cycle at 72 °C for 10 min. After separation of PCR products on Sephadex 50, samples were prepared for loading on an ABI 3700 Sequencer by mixing 1.5 µL of a 1:1 mixture of both PCR reactions with 2.5 µL ultrapure formamide, 0.5 µL Loading buffer (PE Biosystems) and 0.5 µL Size Standard with Rox label. The samples were denatured for 2 min at 90 °C and then immediately put on ice; 1.25 µL sample was loaded in the sequencer. For detection, the filterset D was used on the ABI Sequencer 3700, which was calibrated for the color labels Ned (yellow), Fam (blue), Hex (green), and Rox (red, size standard).
Microsatellite analysis for loci LsD109, LsD108, LsE011, and LsE018 was performed at the Laboratory of Evolutionary Botany, University of Neuchâtel (Switzerland). PCR reactions were performed using 5 μL of PCR mix and 1.5 μL of DNA template (to a final concentration of about 5 ng/reaction) in a total volume of 5.5 μL; end concentrations of primer pairs were optimized to 10 pMol/μL. PCR amplification were performed on a Whatman Biometra T gradient, using a heated lid, as follows: 1 cycle of 15 min at 95 °C to activate the Hotstar Taq polymerase linked to 12 cycles with a touch down of 0.5 °C per cycle of 30 s at 94 °C, 1 min 30 at 65 °C (LsE018, LsE011) 60°C (LsD109) 67 °C (LsD108), 1 min at 72 °C, followed by 17 cycles of 30 s at 94 °C, 1 min 30 at 59 °C (LsE018, LsE011) 54 °C (LsD109) 61 °C (LsD108), 1 min at 72 °C, followed by 3 min at 72 °C to complete primer extension. Samples were prepared for loading in an acrylamide gel in a LI-COR DNA analyser IR2 by mixing 1 µL of PCR reactions with 5 µL deionized H 2 O and 5 µL blue dye containing formamide. The samples were denatured for 2 min at 90 °C and then directly put on ice; 1.5 µL samples were loaded in an acrylamide gel in the sequencer. For detection, the LI-COR DNA analyser IR2 was calibrated for the wavelengths 700 nm (LsD109, LsD108) and 800 nm (LsE011, LsE018). The sizing of the microsatellite fragments was performed with the software LI-COR SAGA GT microsatellite analysis. When necessary (e.g., data from the United Kingdom), calibration of SSR scores between laboratories was performed using a set of 3 lettuce reference samples.
Chloroplast PCR-RFLPs
In order to investigate chloroplast DNA variation, 32 combinations of primer pairs and restriction enzymes (Table 2) were tested in a prescreening using a subset of 30-34 individuals from 17 different populations covering the European distribution area. Amplification of cpDNA was carried out using 10 universal primer pairs developed by Dumolin-Lapegue et al. (1997) : VL, TrnVS, TrnST, TrnSM, TrnQB, TrnTL, Hk, psbCS, FV, atpb. Chloroplast polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analyses were performed using 23 μL of PCR mix and a 1.5 μL solution containing 50 ng of template DNA. PCR amplification of chloroplast DNA fragments were performed on a Whatman Biometra T gradient, with the following protocol: 1 cycle of 15 min at 95 °C to activate the Hotstar Taq polymerase linked to 35 cycles of 30 s at 94 °C, 45 s at 50 °C, 1 min 30 at 72 °C, followed by 5 min at 72 °C to complete primer extension. Restriction was performed in a separate reaction for each enzyme, using the enzymes TaqΙ, AluΙ, RsaΙ, HaeΙΙΙ, PstΙ, BamH, according to the providers' recommendations, using 5 μL of amplified DNA and incubating for 4 h at 37 °C. Samples were prepared for loading by mixing the reaction product and a formamide-based loading dye in a 1:1 ratio. After denaturation for 2 min at 95 °C, samples were loaded and separated in a 5% acrylamide gel. Only the enzyme-primer combination psbCSAlu1 was found to be polymorphic, revealing 2 haplotypes (Table 1) . Subsequently, this enzyme-primer combination was used on a subset of the data to analyze 771 samples from 58 selected populations.
Data Analysis
For each of the 10 microsatellite loci, we recorded the total number of observed alleles and the range of allele sizes, and calculated the within population gene diversity H S to assess overall polymorphism, the observed level of heterozygosity H O , and the inbreeding coefficient F is using the software GenAlEx 6.501 Smouse 2006, 2012) . For all 110 populations (2622 individuals) we also 
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calculated H O and H S (using GenAlEx), as well as the allelic richness and the private allelic richness. The latter 2 statistics were calculated using the software HP-Rare (Kalinowski 2005) , based on rarefaction performed by downsampling to 9 individuals. Statistics based on allele identity (F-statistics) were used to analyze the differentiation between populations, for each locus separately as well as for all loci combined. Moreover, a standardized ′ F ST , independent of the level of within subpopulation genetic variation (Hedrick 2005; Meirmans and Hedrick 2011) , was calculated by dividing the F st value by the maximum possible value (denoted by F st(max) ), given the observed amount of genetic variation (Meirmans 2006) . These computations were performed using GenoDive version 2.0b23 (Meirmans and Van Tienderen 2004) . GenoDive was also used to calculate F ST based on the chloroplast haplotypes. The selfing rate was estimated using the Bayesian inference method implemented in the program InStruct (Gao et al. 2007 ) with 2 MCMC chains of length 100 000 and a burn-in of 20 000 assuming k = 1.
The presence of higher-order population structure was detected using analysis of molecular variance (AMOVA)-based K-means clustering (Meirmans 2012 ) and using Tess3 (Caye et al. 2015) . The former method uses an AMOVA (Excoffier et al. 1992 ) to detect groups of populations. This method does not assume Hardy-Weinberg equilibrium and can therefore be used for predominantly selfing species such as L. serriola. The program was run with the number of clusters (k) ranging from 1 to 10; the optimal number of clusters was determined using the Bayesian information criterion (BIC, Schwarz 1978) , which has been shown to perform very well for population genetic data (Jombart et al. 2010; Meirmans 2012) . The clustering was performed with a simulated annealing chain of 50 000 steps, and 200 random runs. Tess3 uses both the genetic and spatial data to calculate ancestry coefficients based on a user-specified number of clusters (Frichot et al. 2014) . Tess3 was run with the default settings with the number of clusters (k) ranging from 1 to 7, with 5 replicates for every value of k; long runtimes and large memory requirements prevented us from running Tess3 for higher values of k. For every replicate run, the cross-entropy was calculated with the percentage of masked genotypes set at 5%.
Isolation by Distance
The relationships between the genetic distance and the geographic distance of the samples was investigated by Mantel tests (Mantel 1967) , partial Mantel tests (Smouse et al. 1986 ) and Mantel correlograms (Sokal 1986 ). We used GenoDive to calculate a matrix of pairwise F st values between all populations, both for the microsatellites and the cpDNA haplotypes, as well as a matrix of geographic distances between all populations. Isolation by distance can lead to very similar results in Mantel tests as higher-level population structure. To distinguish between these 2 options, we used the approach suggested by Meirmans (2012) . To test whether the population structure was not an artefact of isolation by distance, we performed a partial Mantel test, testing the association between the genetic distances and a model matrix expressing the population groups, while correcting for the geographical distance. A Mantel correlogram was used to further visualize the pattern of spatial autocorrelation.
To estimate the influence of spatial processes on the distribution of the total genetic variation, we followed the approach suggested by Meirmans (2015) . First, a matrix of population allele frequencies was calculated using GenoDive. Then a second matrix containing spatial variables was created in R (R Core Team 2014) by calculating orthogonal third-degree polynomials based on the populations' locations. A redundancy analysis (RDA) was then performed with the allele frequencies as dependent matrix and the spatial variables as independent matrix. Forward selection of spatial variables was performed in order to prevent overfitting. The proportion of variation explained by the RDA was then multiplied by the overall value of F ST to obtain the percentage of the total genetic variation that is explained by the spatial variables. 
Spatial Organization of Genetic Diversity
To obtain a more detailed overview of the distribution of the gene diversity across populations, a map was produced using the technique of kriging, which extrapolates the values of a variable at unexamined locations using the observed values from nearby locations (Cressie 1993) . The technique starts with fitting the experimental variogram to a model. For each point on a regular grid, the extrapolated value is then obtained by calculating a weighted average of nearby points, while the expected values from the model variogram are used as weights. A simulation approach can be used to estimate the variability of the variable and to create a probability map (Chilès and Delfiner 1999) . Kriging was performed using Arc Map 9.0 (ESRI®), with a cell size of 0.5 km × 0.5 km. Using the Arc Map grid-analyst, the maps were extracted from the grid into new maps corresponding to the study area.
Differences between New and Historical Ranges
We used the method of Goudet (1995) to test the differences in genetic diversity and population structure between the historical range and the recently colonized area (Figure 1 ). For each population, the genetic diversity within populations (H S ) and their average were calculated for each of the 2 areas. We then used 9999 MonteCarlo permutations to test the differences between the 2 areas by permuting the populations over the 2 groups, using the difference in average diversity as a test statistics. The same approach was used for testing whether there was a difference in population structure and the amount of inbreeding, using F ST , ′ F ST , and F IS as test statistics. We also studied whether there were any differences in the magnitude of the spatial autocorrelation in the 2 areas by calculating Mantel tests and Mantel correlograms separately for the 2 areas.
Results
Overall Diversity
The distribution of the microsatellite variation among individuals within populations showed strong inbreeding, as could be expected given the predominantly autogamous breeding system of L. serriola. Observed heterozygosity (H O ) differed between loci, but was generally very low (overall H O of 0.014, Table 3 ) when compared to the expected heterozygosity (overall H S = 0.35). As a result, the overall inbreeding coefficient was close to 1 (F IS = 0.962).
There were only a few populations with markedly lower F IS values and there was no geographical pattern in their distribution: population Den O from Denmark (F IS = 0.381), population SW 2 from Sweden (F IS = 0.29), PL 10 from Poland (F IS = −0.024), and SVK 2 from Slovakia (F IS = −0.018). Notably, all these populations had very low levels of genetic variation. This indicates that their low F IS values were the result of estimation error: the standard error of F IS can be very high in the near absence of genetic variation. We observed only a few populations harboring heterozygotes which were distributed all over Europe (Table 1 ). In agreement with the high F IS values, the Bayesian inference of the rate of selfing resulted in an estimated value of 0.955.
Interpopulation Diversity
A large percentage of the total genetic variation was distributed among populations with an overall F ST value of 0.555 (P = 0.001), and a ′ F ST value of 0.875. Despite the strong population differentiation, only few populations were found to harbor private alleles. Furthermore, low frequency alleles (alleles present in 25% or less of the populations) were very rare in northern and western populations. A striking result was the wide geographic distribution of a single multilocus genotype, occurring over almost 1000 km, which was also found in the genetic diversity study for the United Kingdom, Netherlands, Germany, and the Czech Republic by van de Wiel et al. (2010) . It dominated all populations from the United Kingdom, even though they were separated by more than 200 km. The same genotype was also found in one population from Denmark (DEN 0) and several Dutch populations (Hol 16, 17, 20) .
In the AMOVA-based clustering, the lowest value of BIC was found at k = 3, indicating an optimum of 3 populations clusters in the data (Supplementary Figure S1a) . Differentiation between the three clusters was moderately strong with an F CT -value of 0.114 (F′ CT = 0.449). The clusters showed a strong geographical pattern in their distribution ( Figure 1A) . One north-western cluster was completely dominated by the populations carrying the aforementioned widespread genotype. This cluster was also present at k = 2, indicating that the widespread genotype is a major defining factor in the population structure of L. serriola. The second cluster predominantly included populations from Central Eastern Europe, while the third cluster combined populations mostly from Southern Europe. Exceptions to this finding involved one population in Italy grouping with the central eastern cluster and 2 populations in Sweden grouping with the southern cluster. No biologically meaningful patterns were distinguishable at higher values of k.
The results from Tess3 did not indicate a clear optimum for the number of clusters (Supplementary Figure S1b) . The cross-entropy calculated by masking 5% of the data shows a downward trend with an increase in the number of clusters, but there is no obvious plateau in the cross-entropy plot that can be taken as an indication for the optimal number of clusters. It is possible that the optimum lies above the maximum value of 7 that we used; however, the long runtime of the program prevented us from running Tess3 at higher values of k. The results at k = 3 resemble those of the AMOVA-based clustering, but shows some admixture among the clusters, mostly in Central Europe (Supplementary Figure S2) .
Patterns of Isolation by Distance
The Mantel test between the matrix of pairwise F ST -values and the matrix of pairwise geographic distances (Table 4) between all populations revealed a significant correlation coefficient of 0.27 (P = 0.001). This correlation was not an artefact of the higherlevel population structure revealed by the AMOVA-based clustering. When performing the permutations within the 3 clusters, the correlation remained strongly significant (P = 0.001). The Mantel correlogram, which depicts the pattern of spatial autocorrelation in the data, is shown in Figure 2 (black line). Of the 13 distance classes, 8 were significant after progressive Bonferroni correction, both at short and longer distances. It revealed a clear geographic pattern in the distribution of the genetic variation. The positive autocorrelation for the smaller distance classes indicates that populations at close spatial proximity are genetically more similar than on average. In contrast, the negative correlation of the higher distance classes indicates that distant populations are more dissimilar than on average and suggests that isolation by distance is an important factor driving population differentiation. The RDA showed that 23.9% of the among-population variation was spatially constrained (P = 0.001). After multiplication with the overall F ST -value of 0.56, this indicates that a substantial part, namely F ST = 0.134, of the total genetic variation was spatially constrained. The results strongly resembled those of the K-means and Tess3 analyses. The first axis of the RDA, explaining 44% of the constrained variation (F ST = 0.059), mainly showed a distinction between the UK populations and the rest of the populations. The second RDA axis, explaining 17% of the constrained variation (F ST = 0.023), showed a North-South gradient.
Distribution of Genetic Diversity
The kriging analysis revealed strong geographic patterns in the distribution of the within-population gene diversity values. Central (Eastern) Europe (Hungary, Slovakia, Czech Republic, and Poland), Southern France, and Northern Italy represented areas of high genetic diversity ( Figure 3A,B) . Gene diversities decreased from these areas with the lowest values found in Portugal, Southern Italy, Great Britain, and the Alps. Discrepancies were present in Scandinavia with some (highly) polymorphic populations and one monomorphic population. Prediction standard errors depended on the sampling density and were quite low except in Central Spain and North Western France.
Differences between New and Historical Ranges
Significant differences between new and historical ranges were found in the level of genetic diversity (P = 0.0001), with lower diversity in the newly colonized parts of the range (H S = 0.17) than in the historical parts of the range (H S = 0.40). There was also a significant difference (P = 0.0004) in the level of population structure as measured by F ST , with higher differentiation in the newly colonized areas (F ST = 0.74) than in the historical range (F ST = 0.51). However, since it is known that the value of F ST depends on the value of H S , we therefore also tested for a difference in the value of ′ F ST , which is independent of H S . With ′ F ST , there was no difference (P = 0.24) between the newly colonized ( ′ F ST = 0.90) and historical areas ( ′ F ST = 0.86). When investigating the spatial population structure (Table 4) , there was a significantly stronger (P = 0.02) pattern of isolation by distance in the newly colonized areas (Mantel's r = 0.466) than in the historical areas (Mantel's r = 0.207) . This analysis was not biased by the difference in H S between the 2 areas: the difference was similar when calculated from matrices of pairwise ′ F ST instead of F ST . The Mantel correlograms (Figure 2) show that the difference in spatial structure is most pronounced at short distances. In the newly colonized areas, populations that are close together are genetically strongly similar, while this pattern is lower in the historical areas. Even when the genotypically nearly uniform UK populations are excluded from the analysis, the autocorrelation at short distances remains much higher in the newly colonized areas than in the historical areas.
Chloroplast Variation
The distribution of the 2 chloroplast haplotypes is shown in Figure 1B . A total of 31 populations were monomorphic for haplotype 1 and 2 populations from Germany were monomorphic for haplotype 2. A total of 19 populations, from all studied countries except for Sweden, Slovakia, Spain, and Greece, were polymorphic with the highest concentration of polymorphic populations located (Table 3) . However, no spatial structure was revealed in the distribution of the haplotypes and no relation was found with microsatellite variation. A Mantel test performed on a matrix of pairwise F ST -values and a matrix of geographical distances was nonsignificant (r = −0.04, P = 0.34). In addition, a Mantel correlogram based on the same matrix of pairwise F ST -values did not show any significant distance classes (results not shown).
Discussion
Breeding System and Population Dynamics
The low level of observed heterozygosity (H O = 0.014), the high overall inbreeding coefficient (F IS = 0.962) and the high level of selffertilization estimated using the Bayesian inference method implemented in InStruct (s = 0.955) were all consistent with the reported autogamous breeding system of L. serriola. The similarity in F STvalues among the nuclear and chloroplastic markers indicated that the nuclear genes were predominantly maternally inherited. This finding is not common for outcrossers, which confirms the high degree of self-fertilization ensured by the floral characteristics of L. serriola (Jones 1927; Lindqvist 1960a; De Vries 1990) and contrasts with experimental data showing significant hybridization levels with L. sativa (D'Andrea et al. 2008) .
Lactuca serriola has a short life cycle and produces a large number of wind-dispersed seeds (10 000 to 100 000 per individual) that germinated rapidly (Frietema de Vries 1992; Mejias 1993; Mejias 1994; Lebeda et al. 2001) . Populations generally show a high turnover rate and empty patches are usually colonized by only a small number of founders. Consequently, most genetic variation is distributed between populations ( ′ F ST = 0.875) and little variation occurs within populations (H S = 0.35). The occasional within-population variation for microsatellites and chloroplast markers probably represents efficient seed dispersal that allows the establishment of multiple genotypes. A similar pattern was observed for example for Mycelis muralis in Western Europe (Chauvet et al. 2004 ).
Impact of the Recent Range Expansion on Genetic Structure
The distribution of the genetic variation clearly showed the effects of the recent western and northern expansion of L. serriola in Europe that has been inferred previously from herbarium and floristic data (D'Andrea et al. 2009 ). In such a range expansion, because of founder effects, a lower diversity is expected for recent populations, when compared to historical populations (Ibrahim et al. 1996) . Indeed, the genetic structure of the populations of the historical part differed strongly from that of the newly colonized areas. Genetic diversity was significantly lower in the new area than in the historical part. Kriging of the gene diversity corroborated such a northwards and westwards spread from Central Europe ( Figure 3A ), since this area showed the highest level of diversity, in accordance with the results of Kuang et al. (2008) .
There was also a significant difference in the level of population structure as measured by F ST between the historical and newly colonized parts of the range. As the founder effects that take place during colonization reduce the within-population diversity, a larger part of the total diversity is distributed among populations, leading to higher F ST -values. However, the difference in the strength of the population structure was not significant when ′ F ST was used as a summary statistic. Since ′ F ST is independent of the level of withinpopulation diversity, this indicates that the increased F ST -values can indeed be explained by the reduction in H S .
The founder effects were most apparent in the populations from the United Kingdom, which were dominated by a single genotype, even though they were separated by more than 200 km. The samples from the United Kingdom are grouped in the North Western cluster comprising principally the new area. In fact, the species was collected for the first time in south-eastern England in 1830 and in Sweden in 1828 (D'Andrea et al. 2009 ). The fact that, among the 2 leaf morphs present within the species, L. serriola f. integrifolia is the dominant form on the British Isles (Carter and Prince 1985; Lebeda et al. 2001; Lebeda et al. 2007 ) is in line with the hypothesis that colonization occurred by one or only a few founders. Apart from the United Kingdom, the newly colonized areas show the presence of multiple genetic clusters, indicating colonization from multiple source populations. Thus, the range expansion across the northern part of the species range was not due to the emergence and spread of a single well-adapted genotype. So if the range expansion was due to introgression from cultivated lettuce (Hooftman et al. 2006) there must have been multiple independent hybridization events in different parts of the historical range.
In the historical area, populations have persisted since centuries. Their dynamics have probably contributed to the mixing of populations leading to the lowering of the pattern of isolation at moderate distances. On the contrary, newly colonized areas have been settled quickly with fewer mixing of populations, which would explain the stronger isolation by distance. Nowadays, dispersal of L. serriola is closely related to human activities creating disturbed and ruderal habitats favorable to this species (Feràkovà 1977; Zohary 1991; Lebeda et al. 2001 ). Indeed, the occupation of new regions is thought to have occurred mostly through passive seed dispersal and the establishment of seedlings at suitable sites (Davis and Shaw 2001) . Roads and railways provide corridors along which L. serriola can migrate (Parendes and Jones 2000) . Populations polymorphic for the maternally inherited chloroplasts ( Figure 1B ) corroborate that some areas were colonized through multiple introductions, either by several founder events at different times or by the simultaneous introduction of several seeds.
Historical Biogeography
Genetic structure of European species does not only result from recent events but also from ancient ones, with the Pleistocene glaciations playing a decisive role through the extinction of northern populations followed by the recolonization from southern refugia (Hewitt 1999; Hewitt 2000) . Our data showed clear genetic clusters that can indeed be explained by both recent and ancient events. One cluster corresponds to most of the newly colonized area, while the other 2 clusters showed a distinct genetic structure within the historical area. These latter 2 clusters are likely the result of postglacial recolonization.
Besides looking at population clustering, Pleistocene refugia may also be inferred from regions of high genetic diversity. Therefore, the high genetic diversity revealed by kriging in the Balkans, and in southern France/northern Italy could correspond to refugia during the glaciations. In that case, the Southwestern (purple) clusters would correspond to recolonization from the refugium in Southern France, and the eastern cluster (red) would correspond to recolonization from the Balkans. However, it cannot be assessed whether the species had colonized the Mediterranean area before the glaciations, and the possibility of a North African refugium should not be excluded. Unfortunately, since data on North African populations were lacking, relationships with a possible route involving Italian or Spanish populations could not be assessed. However, when a North African origin would be hypothesized for the Italian populations, the Alps represent a major physical obstacle for plant migration as revealed by the drastic depression of gene diversity observed in this area. The same may apply to Spain with a mountainous barrier imposed by the Pyrenees. Interestingly, from the viewpoint of a possible North African colonization, the Iberian Peninsula, and the South Italian populations have low gene diversity and belong to the same cluster.
In contrast with the isolation by distance found for the nuclear microsatellites, no such relationship was observed for the single polymorphic chloroplast markers. However, this lack of spatial structure might indicate a recent and quick expansion of the species from a center of genetic diversity, as found with chloroplast microsatellites for Arabidopsis thaliana (Provan and Campanella 2003) . A significant genetic isolation by distance was detected with AFLPs in A. thaliana that was explained by the colonization of Europe from Asia and Mediterranean Pleistocene refugia (Sharbel et al. 2000) . In other aspects, our results contrasted with those obtained for A. thaliana, which like L. serriola, is a selfing species occurring in ruderal habitats (Hoffmann et al. 2003) . In Arabidopsis, the highest genetic variability was observed along the Atlantic coast from the western Iberian Peninsula to southern United Kingdom. These findings were explained by either a postglacial colonization of Europe as proposed by Sharbel et al. (2000) , which occurred through a different route than for L. serriola (see above), or by an early phase of expansion followed by a long period of gene flow between populations of the glacial refuges during the Quaternary.
Conclusion
Our molecular results corroborate the hypothesis of a recent and rapid colonization of North-Western Europe by L. serriola, as was also shown by a historical biogeographical study (D'Andrea et al. 2009 ). They support on one hand a historical spread of the species from the South East (cf. Kuang et al. 2008) as well as more recent short-and long-distance migrations facilitated by human activities. The complex genetic structure of this annual and pioneer species in Central and Western Europe is thus probably the result of both ancient and recent migration events. Because of the recent and quick colonization of L. serriola, monitoring of the species in Northern Europe and in altitude in Central and Southern Europe would infer interesting data on its dynamics. Moreover, the extension of genetic studies to whole Mediterranean would evaluate possible migration roads of the species between North Africa and Europe.
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